Gram-negative bacteria possess a complex cell envelope that consists of a plasma membrane, a peptidoglycan cell wall and an outer membrane. The envelope is a selective chemical barrier 1 that defines cell shape 2 and allows the cell to sustain large mechanical loads such as turgor pressure 3 . It is widely believed that the covalently cross-linked cell wall underpins the mechanical properties of the envelope 4,5 . Here we show that the stiffness and strength of Escherichia coli cells are largely due to the outer membrane. Compromising the outer membrane, either chemically or genetically, greatly increased deformation of the cell envelope in response to stretching, bending and indentation forces, and induced increased levels of cell lysis upon mechanical perturbation and during L-form proliferation. Both lipopolysaccharides and proteins contributed to the stiffness of the outer membrane. These findings overturn the prevailing dogma that the cell wall is the dominant mechanical element within Gram-negative bacteria, instead demonstrating that the outer membrane can be stiffer than the cell wall, and that mechanical loads are often balanced between these structures.
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finding, we solved for the stiffness of the outer membrane by treating the cell wall-outer membrane complex as parallel linear springs
om l p l cw from which it follows that the outer membrane is stiffer than the cell wall, with k om = 1.32k cw . We thus sought to dissect the molecular basis underlying the load-bearing capacity of the outer membrane by altering its composition via chemical and genetic means. Divalent cations mediate ionic bonds between negatively charged moieties within LPS, including charges in the lipid A and the core oligosaccharide domains 14 . Notably, we found that Vibrio cholerae O1, which has one phosphate group within lipid A substituted 15 , has a relatively compliant outer membrane (Extended Data Fig. 3f ). Accordingly, we hypothesized that ionic bonds were important for the load-bearing capacity of the outer membrane and that disrupting these bonds would decrease its stiffness. Treating cells with EDTA, which chelates magnesium, released LPS from the outer membrane 16, 17 (Extended Data Fig. 2d ), and had no direct effect on cell-wall length (Extended Data Fig. 5a -c) or composition (Extended Data Fig. 2g ). We therefore predicted that EDTA treatment after plasmolysis would cause a cell-wall contraction similar to detergent treatment. Indeed, the walls of plasmolysed cells began to contract shortly after EDTA was added ( Fig. 2c ) and the degree of contraction increased with EDTA concentration (Extended Data Fig. 5d ). Adding saturating magnesium blocked this effect (Extended Data Fig. 5e ). When we repeated the plasmolysis and lysis experimental sequence ( Fig. 1c ) with the addition of 10 mM EDTA in both the plasmolysis and lysis media, cell walls contracted: i) much more upon plasmolysis (Fig. 2d) ; ii) much less upon detergent treatment ( Fig. 2e ) and iii) the same total amount as untreated cells (Fig. 2f ), reducing the estimated stiffness of the outer membrane by 70% (Fig. 2g) .
The dye FM 4-64, which intercalates into the outer membrane, did not have a significant effect on outer-membrane stiffness ( Fig. 2d-g) , whereas genetic alterations to the outer membrane had marked effects. A mutant E. coli strain with the imp4213 allele of lptD, encoding a component of the LPS assembly machinery, has a porous outer membrane rich in phospholipids 18, 19 . As with EDTA-treated cells, imp4213 cells contracted more upon plasmolysis ( Fig. 2d ) and less upon lysis ( Fig. 2e) , with no change in total contraction (Fig. 2f ), indicating reduced outer-membrane stiffness (Fig. 2g) . A mutant lacking the abundant outer-membrane protein OmpA exhibited a similar phenotype ( Fig. 2d-g) , demonstrating that proteins also contribute to outer-membrane mechanics.
The LPS of most Gram-negative bacteria include a polysaccharide component called the O antigen (although many domesticated strains do not). Notably, adding the O8 antigen to a domesticated E. coli strain (AB1133) that exhibited no contraction upon lysis (Extended Data Fig. 3h ) greatly reduced its contraction upon plasmolysis ( Fig. 2d , Extended Data Fig. 3h ) and increased its contraction upon lysis ( Fig. 2e , Extended Data Fig. 3h ), suggesting that the antigen greatly stiffens the outer membrane (Fig. 2g ). The O8 antigen is an electrically neutral poly-mannose molecule, demonstrating that non-ionic interactions between LPS molecules can also contribute to outer-membrane stiffness.
For the outer membrane to exert force on the cell wall during plasmo lysis, there must be mechanical coupling between these structures. Deletion of pal-a gene that encodes a component of the Tol-Pal complex, which bridges the outer membrane and the cell wall-resulted in cell walls that underwent extreme contraction upon plasmolysis ( Fig. 2d ) and no contraction upon lysis ( Fig. 2e ), implicating this complex functions as a mechanical linker. Braun's lipoprotein (Lpp) is a highly abundant protein that also binds both the cell wall and the outer membrane. Mutant cells lacking lpp contracted more upon both plasmo lysis and lysis, yielding a very large total contraction ( Fig. 2d-f ). Because the estimate for the ratio between the stiffness of the cell wall and the outer membrane did not change (Fig. 2g ), but the total contraction increased markedly ( Fig. 2f ), we speculate that deletion of lpp affects the coupling between the cell wall and the outer membrane as well as the stiffness of the cell wall and/or the outer membrane directly.
To confirm that our measurements of envelope stiffness were not affected by variation in initial turgor pressure between conditions or strains, we subjected E. coli cells to small oscillatory hyperosmotic shocks ( Fig. 2h, Supplementary Video 3) , which caused cells and their envelopes to oscillate in size as they grew ( Fig. 2i ) but caused negligible plasmolysis 10 . We hypothesized that the amplitude of cell-envelope oscillations should depend on envelope stiffness and should therefore be affected by perturbations to the outer membrane. In the absence of outer-membrane perturbation, cell-wall length oscillated with an amplitude of 2.2 ± 0.2%. Treating cells with EDTA during the oscillations starkly increased the amplitude of the oscillations (Fig. 2i , j, Extended Data Fig. 5f-k) , as did FM 4-64 ( Fig. 2j ). As predicted, mutations that decreased outer-membrane stiffness (imp4213 and ΔompA) increased the oscillation amplitude ( Fig. 2j , Extended Data Fig. 5l ), whereas the O8 antigen decreased the amplitude (Fig. 2j ). Deletion of lpp increased the oscillation amplitude, whereas deletion of pal did not ( Fig. 2j ). These data support our model that although Lpp weakens the outer membrane and/or the cell wall as well as their coupling, the Tol-Pal complex is responsible only for mechanical coupling, which is less important during small shocks that do not plasmolyse the cells 10 . Each of the measurements described above tested the mechanical properties of the outer membrane under compression. E. coli cells do not swell under hypoosmotic shock 10 , limiting our ability to test whether the outer membrane can bear tensile loads (although a very stiff outer membrane could account for this observation). To determine whether the outer membrane affects the mechanical properties of the cell envelope under other types of load, we used atomic force microscopy (AFM) to directly measure the stiffness of turgid cells, which is dependent on envelope stiffness 3 . Progressive addition of EDTA or FM 4-64 decreased cell stiffness in a concentrationdependent manner ( Fig. 3a, b , Extended Data Fig. 6a, b ). Mutations 
that weakened the outer membrane during osmotic shock-based assays also decreased cell stiffness ( Fig. 3c , Extended Data Fig. 6c ). However, the O8 antigen did not increase cell stiffness ( Fig. 3c ), despite the strong phenotype we observed in osmotic shock-based assays ( Fig. 2d -g, j). We speculate that because the O8 antigen greatly increases the length of LPS, it results in a thick layer that 'pads' the cell against perpendicular indentation forces but can nonetheless bear in-plane loads. Deletion of lpp markedly reduced cell stiffness ( Fig. 3c ). Deletion of pal rendered the cells extremely sensitive to indentation such that they lysed when addressed with the AFM cantilever, precluding stiffness determination. Next, we used a microfluidics-based assay 20, 21 to measure the deformation of wild-type cells in response to bending forces before and after treatment with 10 mM EDTA. A perpendicular fluid force was applied to filamentous cells (Fig. 3d ), and the bending rigidity was calculated by fitting the deflection of the cell (Fig. 3e ) to a mechanical model 21 .
Untreated cells deflected less than did EDTA-treated cells, yielding bending rigidities of 5.8 × 10 −20 ± 0.4 N m 2 and 2.4 × 10 −20 ± 0.2 N m 2 , respectively ( Fig. 3f ), again demonstrating the contribution of LPS to outer-membrane stiffness against various types of load.
Given the profound contribution of the outer membrane to the mechanical properties of the cell envelope, we next explored their contribution to cell physiology. Wild-type E. coli cells gradually lysed during moderately large (400 mM) oscillatory osmotic shocks ( Fig. 4a , Supplementary Video 4). The chemical perturbations N-lauroyl sarcosine, EDTA and FM 4-64 markedly decreased cell survival in the presence of shocks ( Fig. 4a , b, Extended Data Fig. 7a , Supplementary Video 4). In the absence of shocks, EDTA and FM 4-64 caused little and no lysis, respectively ( Fig. 4a ), demonstrating that outermembrane strength is important for cell survival during mechanical perturbations but not during steady-state growth. Genetic mutations that weakened the outer membrane or disrupted coupling between the outer membrane and the cell wall also markedly decreased cell survival during shocks (Fig. 4b , Extended Data Fig. 7b, d) , whereas the presence of the O8 antigen delayed the onset of lysis ( Fig. 4b , Extended Data Fig. 7c ). Fig. 3g ). b, Mean ratios between the rest length of the outer membrane, l om , and the length of the turgid cell, l 1 , and between l om and the length of the cell envelope during plasmolysis, l 2 . Data are mean ± s.d. from 12 cells. P value from a paired two-sided Student's t-test. c, Length of representative cell walls versus time during hyperosmotic shock and treatment with EDTA (n = 184 cells total). d-f, Cell-wall length contractions upon plasmolysis (d), lysis (e) and in total (f) under chemical and genetic perturbations to the outer membrane (ratio with respect to the wild type (WT); n = 79, 309, 65, 70, 65, 55, 59 and 50 cells for the wild-type, EDTA, FM 4-64, imp4213, ΔompA, +O8, Δlpp and Δpal groups, respectively). P values are from a Student's two-sided t-test of the difference from the untreated wild-type control. NS, not significant. † (in e), the ratio for cells expressing the O8 antigen was very large and not well-defined because the contraction upon lysis for the parental wild-type strain (AB1133) was approximately equal to zero, and adding the antigen markedly increased contraction (Extended Data Fig. 3h ). g, Outer-membrane stiffness under chemical or genetic perturbations (ratio with respect to the wild type). Data are mean ± s.d. Uncertainty propagated from ε l and ε p measurements. h, Sorbitol concentration in growth medium during 100-mM oscillatory osmotic shocks with a 2-min period. i, Representative cell-wall lengths during shocks in h (blue traces; n = 243 cells). A, amplitude of cellwall length oscillations. Green shading indicates the period in which EDTA was included. The red curve represents the effective populationaveraged length. j, Mean amplitude of cell-wall length oscillations during 100-mM oscillatory shock with a 2-min period (n = 10 cycles for each measurement). Data are mean ± s.d. P values are from a Student's two-sided t-test, of the difference from the untreated wild-type control.
Finally, we hypothesized that the strength of the outer membrane would affect the survival of L-forms, viable wall-less cells that are produced by inhibiting cell-wall biosynthesis 22 . All chemical and genetic perturbations that reduced outer-membrane stiffness also markedly reduced the number of viable L-forms generated after inhibiting wall synthesis ( Fig. 4c , Extended Data Fig. 7e ). During L-form generation in imp4213 cells, which yielded no viable L-forms ( Fig. 4c ), cells always lysed as soon as the cytoplasm blebbed out of the cell wall, which is precisely when turgor pressure is shifted entirely to the outer membrane (Supplementary Video 5), consistent with previous measurements showing that outer membrane integrity affect the dynamics of blebbing and lysis during antibiotic treatment 23 . In summary, the mechanical properties of the outer membrane are critical for cell survival during osmotic fluctuation and L-form proliferation.
Our conclusions revise our understanding of the physiology of both the cell wall and the outer membrane: whereas the former determines cell shape and the latter provides a selective chemical barrier, both are important mechanical elements in Gram-negative bacteria. Our finding that the outer membrane is under negligible or slightly compressive load during steady-state growth ( Fig. 2b , Extended Data Fig. 3g ) may provide a mechanism for the formation of outer-membrane vesicles, which could bud spontaneously under this circumstance. However, steady-state growth is unlikely to be common for E. coli: in the gut, bacteria frequently encounter osmotic fluctuations and dynamic mechanical forces, which will constantly engage the load-bearing nature of the outer membrane. Cell-wall biosynthesis has long been an antibiotic target because of the role of the cell wall in protecting the cell from osmotic lysis, and L-forms have been implicated in antibiotic persistence 24 . Hence, our finding that the outer membrane shares mechanical load with the cell wall, and is therefore critical for L-form proliferation, has clear consequences for antibacterial therapy. Further research should elucidate the interdependence between the chemical and mechanical roles of the outer membrane. In particular, it is notable that LPS, which is a potent antigen that stimulates the mammalian immune system, thereby endangering pathogenic bacteria, also provides mechanical integrity to bacteria and therefore protects them.
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The experiments were not randomized. The investigators were not blinded to allocation during experiments and outcome assessment. Bacterial strains and culture. Bacterial strains used in this study are listed in Supplementary Table 1 . Three wild-type E. coli genetic backgrounds were used: MG1655, MC4100 and AB1133. We tested the effect of the imp4213 allele in the MG1655 and MC4100 backgrounds. The ΔompA, Δpal, and Δlpp deletions were tested in the MC4100 background. The O8 antigen was expressed in the AB1133 background (ATM378) 25 . Strain KC427 (MG1655 imp4213 carB::Tn10) was constructed using P1 transduction to transfer the imp4213 mutation from MC4100 to MG1655 cells using NR693 lysate 18 . Bacteria (including non-E. coli species) were grown in lysogeny broth (LB), Lennox formulation (5 g l −1 NaCl) or minimal medium M9 with 20 mM glucose, overnight in a rotary shaker at 37 °C. Statistical significance. Under the hypothesis that the outer membrane can bear large mechanical loads, we expected that chemical or genetic perturbations to the outer membrane would result in large changes in the deformation of the cell envelope under a given load. We therefore conservatively calculated the number of cells required to distinguish such a change using a two-sided Student's t-test to be n ≈ 44 to obtain a power of β = 0.9 with statistical significance P = 0.05 and effect size with Cohen's d = 0.5. Imaging in microfluidic devices. Cells were imaged on a Nikon Eclipse Ti-E inverted fluorescence microscope with a 100× (NA 1.40) oil-immersion objective. Images were collected on a DU885 electron-multiplying charge-coupled device camera (Andor) using µManager v.1.4 26 . Cells were maintained at 37 °C during imaging with an active-control environmental chamber (HaisonTech).
Overnight cultures were diluted 100-fold into 1 ml of fresh LB and incubated for 2 h with shaking at 37 °C, except in experiments in minimal medium, for which overnight cultures were diluted into M9 with 20 mM glucose and incubated for 8 h. Cells were imaged in B04A microfluidic perfusion plates (CellASIC) and medium was exchanged using the ONIX microfluidic platform (CellASIC). Plates were loaded with medium pre-warmed to 37 °C. Cells were loaded into the plate, which was incubated at 37 °C, without shaking, for 30 min before imaging. The cell envelope was stained with wheat germ agglutinin-AlexaFluor488 (WGA-AF488, Life Technologies), the fluorescent D-amino acid HADA (gift from the Brun and Vannieuwenzhe Laboratories, University of Indiana), and/or FM 4-64 (Thermo Fisher). For staining of the cell wall, WGA-AF488 or HADA was added to the loading well to a final concentration of 10 µg ml −1 or 1 mM, respectively, before loading cells into the imaging chamber. For staining of the outer membrane, FM 4-64 was added to the loading and perfusion medium to a final concentration of 2 µg ml −1 and medium containing FM 4-64 was perfused for 3 h before imaging to saturate the polydimethylsiloxane of the microfluidic chamber with the dye. The osmolarity of the growth medium or phosphate-buffered saline (PBS) was modulated with sorbitol (Sigma).
For plasmolysis and lysis and oscillatory osmotic-shock experiments to measure the effect of chemical perturbations (EDTA and FM 4-64 labelling) on cell stiffness, MG1655-based strains were stained with WGA-AF488; non-MG1655 strains stained poorly with WGA-AF488 (data not shown). For plasmolysis and lysis experiments, E. coli MC4100-and AB1133-based strains, Pseudomonas aeruginosa, and V. cholerae were stained with HADA. For oscillatory osmotic shocks of non-MG1655 strains, HADA photobleached too quickly for tracking over many frames (data not shown); hence, we stained and tracked cell envelopes with FM 4-64. As FM 4-64 itself increased the amplitude of oscillations in MG1655 cells ( Fig. 2j ), ratios between the amplitudes of each FM 4-64-stained mutant and the FM 4-64-stained wild-type parental strain were reported ( Fig. 2j) .
During plasmolysis and lysis experiments, cells were allowed to grow for 5 min in medium in the imaging chamber before being plasmolysed using medium with 3 M sorbitol and exposed to medium with 3 M sorbitol and 5% N-lauroyl sarcosine 5 min later. For plasmolysis and lysis in PBS, cells were loaded into the imaging chamber in LB, which was exchanged for PBS with 70 mM sorbitol (to balance the osmolarity of PBS with LB) for 10 min, then exchanged with PBS and 3 M sorbitol for 5 min, and finally exchanged using PBS with 3 M sorbitol and 5% N-lauroyl sarcosine. For plasmolysis and lysis in the presence of EDTA, 10 mM EDTA was included in the plasmolysis and lysis media.
To measure the rest length of the outer membrane, we plasmolysed cells stained with WGA-AF488 and FM 4-64, as described above. We then exchanged the plasmolysis medium with the same medium containing 1 mg ml −1 lysozyme (Thermo Fisher). After approximately 15 min, cells began to lose their rod-like shape and lyse. Upon lysis, when released from the constraint of the cell wall, the outer membrane of many cells collapsed into many small vesicles. However, the outer membranes of many other cells maintained their topology and their size could be measured (see below).
When EDTA was applied to cells after plasmolysis (Fig. 2c ), for reasons we do not understand, a larger fraction of cells quickly recovered from plasmolysis and swelled. Pre-treatment with FM 4-64 resulted in a similar de-plasmolysis (data not shown), indicating that chemical perturbation of outer membrane integrity is somehow responsible. Cells that de-plasmolysed were not included in populationaveraged contraction measurements ( Fig. 2d-f ).
For oscillatory osmotic shocks, cells were allowed to grow for 5 min in medium in the imaging chamber before being subjected to 100-mM oscillatory osmotic shocks by switching between LB and LB with 100 mM sorbitol. When adding EDTA during oscillatory shocks, two types of experiments were performed. For illustrative purposes, in one experiment cells were left untreated for ten cycles, and then treated with EDTA for ten cycles (Fig. 2h, i) . In a complementary set of experiments, EDTA was added during the first ten cycles (but not before); this experiment was used to calculate the amplitude ratio for EDTA treatment (Fig. 2j ).
To measure lysis curves ( Fig. 4a , Extended Data Fig. 7a-c) , cells were loaded into the microfluidic chip as described above, and imaged in LB for 5 min before beginning chemical perturbation and/or oscillatory osmotic shock. A cell was considered to have lysed when it lost phase contrast and, in the case of oscillatory shocks, cell size ceased to oscillate. In the absence of shocks, most strains tested showed no lysis after 2 h of growth in the microfluidic chamber; Δpal and MG1655 imp4213 cells showed a small degree of lysis (2.0% and 3.5%, respectively) after 2 h of steady-state growth in LB. Cell-growth tracking and analysis. Custom MATLAB software was written to automatically track cells stained with WGA-AF488 or FM 4-64, as in previous studies 10 . In plasmolysis and lysis experiments in which cells were stained with HADA, the signal-to-noise ratio was not high enough to track cell-wall contours automatically, so cell lengths (immediately before plasmolysis, immediately after plasmolysis and 20 min after detergent treatment) were measured manually in FIJI.
To calculate outer-membrane rest lengths, we used a custom MATLAB algorithm to manually trace cell-envelope contours before plasmolysis, after plasmolysis and after lysozyme-induced lysis. In the first two states, cell length and width were automatically calculated. After lysozyme treatment, we calculated the length of the outer membrane as if it were rod-shaped with a width equal to the width of the cell before plasmolysis, as follows. We first calculated the surface area of the turgid cell envelope, A turgid , from its contour by assuming rotational symmetry around its long axis. After lysis, the outer membrane adopted an amorphous morphology and remained trapped in the microfluidic chamber with height equal to the width of the cell before lysis, w. Therefore, for each cell we calculated the 'rest surface area' of the outer membrane, A om , by first measuring the arc length of the cell contour, s, and the area enclosed within this contour, a, and then applied the equation A om = 2a + ws. Finally, to calculate the rest length of the outer membrane, l om , defined as the length of the outer membrane if it had surface area equal to A om and was rod-shaped with a cell width equal to w, we used the equation l om = l turgid + (A turgid − A om )/(πw). This equation indicates that the difference between the rest length of the outer membrane and the length of the turgid cell is equal to the length of a cylindrical section with area (A turgid − A om ) and radius w/2.
To calculate the amplitude of length oscillations during oscillatory osmotic shocks, cells were tracked using custom MATLAB algorithms. First, cell-wall lengths (l) were automatically tracked (Extended Data Fig. 5f, g) , and the elongation rate (˙= e d l (ln )/dt) was calculated for each cell (Extended Data Fig. 5h ). The effective population-averaged length was calculated by integrating the populationaveraged elongation rate over time 10 (Extended Data Fig. 5i ):
in which l 0 is the mean initial cell length. The effective population-averaged length was then smoothed with a mean filter with window size equal to the period of oscillation (Extended Data Fig. 5i ), and subtracted from the unsmoothed trace to obtain the deviation of the length oscillations around the smoothed trace (Extended Data Fig. 5j ). The peak-to-peak amplitude was calculated for each cycle (Extended Data Fig. 5k ). The mean amplitude was calculated by averaging the peak-to-peak amplitude over cycles. Uncertainty was estimated as the s.d. of the mean amplitude over cycles.
The time scale of the loss of cytoplasmic contents (cytoplasmic GFP or ribosomal S2-YFP) and the time scale for cell-wall expansion during lysis were calculated using custom MATLAB algorithms. The integrated fluorescence intensity in each cell was computed over time during plasmolysis and lysis experiments. The duration of efflux (or the time scale of expansion during lysis) was measured manually by selecting time points immediately before and after efflux (or lysis). Outer-membrane release assay. An overnight E. coli MG1655 culture was diluted 100-fold into 100 ml fresh LB and incubated with shaking at 37 °C for 2 h. The culture was aliquoted into ten 15-ml tubes and centrifuged (Eppendorf 5804 R) at 3,000g for 10 min to pellet cells. The supernatant was decanted and each pellet was resuspended in 1 ml PBS and transferred to ten 1.5-ml tubes. The suspensions were centrifuged (Eppendorf 5415 D) at 15,000g to pellet cells. The supernatant was removed and each pellet was resuspended in 100 µl PBS. To these suspensions, 100 µl of detergent or EDTA was added to the specified final concentrations and incubated at room temperature for 10 min. Cells and sacculi were pelleted by centrifuging (Beckman Coulter Optima Max-XP, Rotor TL-100) at 100,000 r.p.m. for 10 min at 4 °C. The supernatant was removed for analysis. LPS was detected in serial dilutions of the supernatant using the Pierce Limulus Amebocyte Lysate (LAL) assay (ThermoFisher). After performing this reaction, absorbance at 410 nm was measured using an M200 96-well plate reader (Tecan). We found that detergent above 0.05% interfered with the LAL reaction (data not shown) and therefore we diluted supernatants from the detergent-treated samples 1,000-fold into 0.05% detergent before measuring LPS.
Outer-membrane proteins in the supernatant were detected with immunoblotting using an anti-OMP antiserum generously provided by the Thomas Silhavy Laboratory at Princeton University. Supernatant was added to 1× NuPAGE LDS sample buffer (Invitrogen). Proteins were separated by electrophoresis on a 4-12% Bis-Tris gel (Invitrogen) and transferred to a nitrocellulose membrane. After blocking, membranes were probed with 1:30,000 anti-OMP antiserum and 1:10,000 donkey anti-rabbit 800CW (LiCor Biosciences). Fluorescence antibody-bound proteins were detected with an Odyssey Imager (LiCor Biosciences). Analysis of peptidoglycan composition. Ultra performance liquid chromatography (UPLC) samples were prepared as previously described 27 . Overnight cultures of E. coli MG1655 were diluted 1:200 in 250 ml LB and grown at 37 °C to an OD 600 nm of 0.7. Cultures were centrifuged at 5,000g for 10 min at room temperature and the resulting pellet was suspended in 3 ml of either LB, LB with 3 M sorbitol, LB with 3 M sorbitol and 10 mM EDTA or LB with 3 M sorbitol and 5% N-lauroyl sarcosine. All samples that contained 3 M sorbitol in the resuspension solution were allowed to sit at room temperature for 20 min after resuspension. Cell suspensions were then lysed by boiling in SDS for 3 h. Lysed cell suspensions were ultracentrifuged at 400,000g to purify sacculi, which were digested with muramidase into muropeptides. Samples were pH-adjusted and injected onto a Waters H Class UPLC system equipped with a BEH C18 1.7-µm column and eluted with sodium phosphate buffers. Peaks were quantified and identified as particular muropeptide species from their elution times 28 , from which the crosslinking density and glycan-strand length were calculated as previously described 29 .
Derivation of a mechanical model of the cell envelope. Cell-wall length contractions upon plasmolysis (ε p ), upon lysis (ε l ) and total contraction (ε t ) were defined as: ε p = (l 1 − l 2 )/l 2 × 100, ε l = (l 2 − l cw )/l cw × 100 and ε t = (l 1 − l cw )/l cw × 100, respectively, in which l 1 is the length before plasmolysis, l 2 is the length after plasmolysis, and l cw is the length after lysis. We modelled the cell wall-outer membrane complex as two linear springs in parallel with spring constants k cw and k om , respectively, and rest lengths l cw and l om , respectively (Fig. 1a ). Although the mechanical properties of the cell envelope have been measured to be nonlinear by atomic force microscopy 3 , envelope contraction upon hyperosmotic shock was approximately linear with respect to shock magnitude up to the maximum contraction caused by large shocks (Extended Data Fig. 1 ), motivating our use of a linear spring-based model for estimating outer-membrane stiffness. Initially, the springs are subjected to an applied force, F, representing turgor pressure, and have initial length l 1 . When the force is released (when the cell is plasmolysed), the springs relax to length l 2 . The force balance equation is:
We substitute for l 2 using the definition of ε l , which yields:
l l om l l cw om cw Using the experimental finding that l om = l 1 = l cw (1 + ε t ) ( Fig. 2b , Extended Data Fig. 3g ) and substituting the identity ε t = (1 + ε p )(1 + ε l ) − 1 yields l om = l cw (1 + ε p ) (1 + ε l ). Finally, substituting this expression into equation (3) yields equation (1) of the main text. AFM measurements of cell stiffness. The day before AFM, poly-l-lysine-coated glass slides were prepared by boiling 22-mm square cover glasses in 2% Micro-90 detergent. Cover glasses were rinsed in ethanol and baked in a dry oven at 80 °C for ≥1 h. Cover glasses were glued onto microscope slides using super glue.
On the day of measurement, 10 µl of 0.01% poly-l-lysine were spotted onto the centre of the cover glass and dried for 1 h. A silicone well (Grace Biolabs) was affixed to the cover glass around the poly-l-lysine spot. An overnight culture of E. coli was diluted 100-fold into LB and incubated at 37 °C for 1.5 h. One millilitre of culture was spun down in a table-top microcentrifuge for 1 min at 15,000g and resuspended in 1 ml de-ionized water. This suspension was then spun down and concentrated in 100 µl de-ionized water. This suspension was added to the well on the poly-l-lysine-coated slide. The slide was incubated at room temperature for 15 min. The well was rinsed with de-ionized water three times to remove cells that were not stuck to the surface. The well was then immersed in 100 µl M9 with 20 mM glucose.
AFM experiments were performed on a Bioscope Resolve (Bruker) with MLCT-BIO-E (Bruker) cantilevers with a nominal spring constant of 0.1 N m −1 (for EDTA experiments) or PFQNM-LC (Bruker) cantilevers (0.08 N m −1 ). Cantilevers were calibrated using the thermal noise method 30 . We measured the deflection sensitivity (nm V −1 ) from the slope of a force curve recorded on a glass surface. The resonance frequency and q-factor of the cantilever were determined by a Lorentzian fit of the power spectral density of the cantilever recorded using the thermal tune option in the Nanoscope Analysis v.1.8 (Bruker) software. From these parameters, the spring constant was calculated.
A polydimethylsiloxane calibration sample with known stiffness of 3.5 MPa was measured using force volume imaging mode in an area of 1 × 1 µm at a resolution of 32 × 32 pixels at 0.5-Hz ramp rate and 600-nm ramp size (Extended Data Fig. 6d ). Force curves were recorded to a maximal deflection error of 5 nm, and analysis of the force curves was accomplished using Nanoscope Analysis v.1.8. For analysis of the polydimethylsiloxane stiffness measured with PFQNM-LC cantilevers, the baseline correction of the force curve was performed using 10-80% of the ramp size, with a tip radius set to 65 nm, the tip half angle to 18°, and Poisson's ratio of 0.3. The approach direction of the force curve was used to analyse the stiffness, assuming a Hertz contact model as a modulus fit model for the interaction of a sphere with a surface, resulting in a mean stiffness of 3.41 ± 0.73 MPa (Extended Data Fig. 6d ). These parameters were then used to analyse force curves recorded on immobilized E. coli with a PFQNM-LC cantilever. For measurements with MLCT-BIO-E cantilevers, the tip radius was set to 20 nm.
For each cell measured, an image of the immobilized cell was recorded to confirm firm attachment and to position the cantilever at the centre of the cell before recording force curves. Three consecutive force curves with z-range of 800 nm were recorded at a rate of 0.5 Hz to a maximum deflection of 5 nm. Force curves were further analysed using NanoScope Analysis v.1.8. For each cell, the mean stiffness was calculated from the three force curves. In all cases, individual slides or dishes were measured for no more than 1 h.
To compare our reported cell stiffness values (akin to Young's modulus of the cell as if it was a single bulk material, previously shown to be dependent on envelope stiffness 3 ) to previous measurements 3 , we used the PDMS calibration to compute the relationship between stiffness values in MPa and in N m −1 using the Nanoscope analysis software. The previously reported cell stiffness value 3 (0.017 N m −1 ) converts to a Young's modulus value of 0.5 MPa for our experimental methodology, which compares very favourably with our data in Fig. 3b .
For measuring the effect of FM 4-64 on cell stiffness, single force curves were taken every minute. After several minutes, a concentrated solution (4 µg ml −1 ) of FM 4-64 was added to a final concentration of 2 µg ml −1 .
For measuring the effect of EDTA on cell stiffness, instead of supported coverglass slides, we adhered cells to glass-bottom dishes (Ted Pella, 14026) that had been spotted with poly-l-lysine as described above. After cells adhered, dishes were immersed in 4 ml M9 with glucose medium. For each cell, single force curves were recorded at 1-min intervals. After 5-10 min, the EDTA concentration was increased stepwise every 10 min to final concentrations of 5 mM, 10 mM, and 20 mM by adding 1 ml of appropriately concentrated stock EDTA solution. Microfluidic assay of bending stiffness. The bending rigidity of E. coli cells was measured using a microfluidic assay essentially as described 20, 21 . E. coli MG1655 was transformed with a plasmid (pDB192) containing sulA under an isopropyl β-d-1-thiogalactopyranoside (IPTG)-inducible promoter. Cells were grown overnight in 2 ml LB containing 30 µg ml −1 kanamycin and 50 µg ml −1 ampicillin. IPTG was added to the medium to induce sulA throughout cell growth in the microfluidic flow chamber. Deflection of cells under fluid flow was monitored on a Zeiss Axiovert 100 microscope (Zeiss) equipped with a 60× oil objective. Images were collected with an Andor iXon 3 EMCCD (Andor) using µManager v.1.4 26 . Deflection of the cells was determined using a custom Igor Pro (WaveMetrics) image-analysis algorithm. Quantification of L-form viability, physiology and growth. Overnight cultures of the appropriate strains were diluted 1:100 into LFLB (LB supplemented with 3.6% sucrose and 10 mM MgSO 4 ). Cultures were incubated at 37 °C for 1 h, at which point cefsulodin was added to a final concentration of 60 µg ml −1 . As appropriate, chemical treatments (EDTA and FM 4-64) were also added at this point. Cells were incubated for 12 h with shaking at 30 °C. Five microlitres of serial tenfold dilutions were plated on LFLB with cefsulodin and LB with cefsulodin plates. Plates were incubated at 30 °C for 24 h. Plates were imaged with a Canon EOS Rebel T5i DSLR camera and colony-forming units per ml were counted manually. MC4100-based L-forms formed smaller colonies that were not visible with the DSLR camera, and thus spots from the plates were excised and imaged with an inverted microscope (Nikon Eclipse Ti-E) at 10× magnification. For each L-form culture except AB1133, spotting onto LB with cefsulodin plates reduced yield by at least an order of magnitude relative to LFLB with cefsulodin (data not shown).
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L-forms produce LPS at levels approximately equal to untreated cells (6.6 × 10 −6 and 7.2 × 10 −6 endotoxin units per cell for untreated cells and L-forms, respectively). To measure this, 1 ml of overnight culture was washed twice in PBS. N-lauroyl sarcosine was added to a final concentration of 5%, and cell suspensions were incubated at 90 °C for 10 min to lyse cells and dissolve their membranes. LPS was detected in tenfold serial dilutions of this solution using the Pierce Limulus Amebocyte Lysate assay (Thermo Fisher).
To image L-form generation from imp4213 cells, a 5-ml culture was grown overnight in LB at 30 °C. The overnight culture was diluted 100-fold into LB and incubated at 30 °C for 2 h. Five microlitres of this culture were spotted onto an LFLB with cefsulodin agarose pad and imaged every minute at 30 °C. Code availability. All custom code used for the current study is available from the corresponding author on reasonable request. Reporting summary. Further information on experimental design is available in the Nature Research Reporting Summary linked to this paper. Data availability. The datasets generated during the current study are available from the corresponding author on reasonable request. The dotted line is the linear best fit for experimental data for shocks with magnitude ≤ 800 mM. The plateau after 800 mM demonstrates that the cell envelope has reached its minimum length upon large, 3 M hyperosmotic shocks. 
Cell-wall length contraction (%) Supplementary Table 2 . b, Representative DAPI-stained E. coli cells before (left) and after (right) lysis shown in phase contrast and epifluorescence, demonstrating that DNA is not retained in the lysed cells. The experiment was performed once. c, Representative E. coli cells expressing a fluorescent protein fusion to the S2 ribosomal protein before (left) and after (right) lysis shown in phase contrast and epifluorescence, demonstrating that ribosomes are not retained in lysed cells. The experiment was performed once. d, Representative E. coli cells expressing cytosolic GFP before (left) and after (right) lysis shown in phase contrast and epifluorescence, demonstrating that GFP is not retained in lysed cells. The experiment was performed once. e, Representative E. coli cells expressing a fluorescently tagged version of MreB after lysis shown in phase contrast (left), epifluorescence (centre) and in overlay (right), demonstrating that MreB is retained within most lysed cells, but that cells with weak phase density after lysis retain low levels of MreB (arrows). f, Cumulative fluorescence intensity of MreB-sfGFP versus the average phase-contrast intensity within the cell after lysis (n = 162 cells). Cells with higher phase density have lower intensity. g, Cell-wall contraction upon lysis versus average phase-contrast intensity within the cell after lysis (n = 46 cells). h, Total contraction during plasmolysis and lysis versus average phase-contrast intensity within the cell after lysis (n = 46 cells). 243 cells) . g, Length of the cell walls of representative E. coli cells during a 100-mM oscillatory shock with 2-min period and 10 mM EDTA (n = 284 cells). h, Population-averaged elongation rate of the E. coli cell wall during 100-mM oscillatory shocks with 2-min period for untreated (black line) and 10 mM EDTA-treated cells (n = 284 cells). i, Effective population-averaged cell length (l eff ), calculated by integrating the population averaged elongation rate in h during 100-mM oscillatory shocks with 2-min period for untreated (black line) and 10 mM EDTAtreated cells (n = 284 cells). Dotted lines are the respective time-averaged l eff using a rolling-window averaging filter with a 2-min window (equal to the period of oscillations). j, Deviation of the effective populationaveraged length in i from the respective time-averaged trace. k, The mean amplitude of oscillation was found by averaging the peak-to-peak amplitude in j over cycles (n = 10 cycles). Error bars indicate ±1 s.d. The P value was calculated using a Student's two-sided t-test. l, Amplitude of cell-wall length oscillations (ratio with respect to the untreated wild type; Fig. 2j ) versus cell-wall stiffness calculated from plasmolysis-lysis experiments (ratio with respect to the untreated wild type; Fig. 2g ). Solid line, linear best fit for only perturbations to the outer membrane (red circles; linear regression: R 2 = 0.71, F = 9.7, P = 0.0356). Dashed line, best fit when additionally considering perturbations to protein linkages between the outer membrane and cell wall (dashed circles; linear regression: R 2 = 0.25, F = 1.4, not significantly different from horizontal). For the O8-expressing strain, we conservatively used a stiffness ratio of 1.5 for the fits. Fig. 6 | FM 4-64 softens E. coli cells. a, Cantilever force versus indentation distance during successively increasing EDTA concentrations, as in Fig. 3a . Lines indicate the average force-distance curves taken during the period in which the cell was treated with the given concentration of EDTA. Shaded areas indicate ±1 s.d (n = 4 cells). Stiffness was measured every minute during the 5-10 min periods when the cell was treated with each EDTA concentration. Average-force curves were registered with respect to the onset of force increase as the cantilever was lowered. b, Stiffness of a representative cell versus time, as measured with AFM. At t = 10 min the cell was treated with 2 µg ml −1 FM 4-64 (n = 3 cells). c, The ratio of the cell stiffness computed with AFM ( Fig. 3c ) versus the ratio of envelope stiffness computed from plasmolysis-lysis experiments (Fig. 2g ) across chemical and genetic perturbations. The solid line is the linear best fit (linear regression: R 2 = 0.27, F = 1.4, not significantly different from horizontal). The numbers of cells used for each measurement are the same as given for Fig. 3c (AFM measurements of cell stiffness) and Fig. 2d-f Fig. 7 | Genetic perturbations to the outer membrane render cells vulnerable to mechanical perturbation. a, Cell lysis versus time and cycle number during application of 5% detergent (N-lauroyl sarcosine, n = 112 cells) and 5% detergent with 400-mM oscillatory osmotic shock (n = 100 cells). Cell-lysis rate increased notably during 400-mM oscillatory osmotic shocks. b, Cell lysis versus time and cycle number during 400-mM oscillatory osmotic shocks with 2-min period for mutant E. coli strains with the MC4100 wild-type background (n = 476, 98, 187, 99, 280 cells for the wild-type, imp4213, ∆ompA, ∆lpp and ∆pal groups, respectively). c, Cell lysis versus time and cycle number during 400-mM oscillatory osmotic shock with 2-min period for E. coli wild-type AB1133 (n = 273 cells) and ATM378 (AB1133+O8, n = 123 cells). d, Time at which 25% of cells had lysed (ratio to the untreated wild type, Fig. 4b ) versus the ratio of amplitudes during 100-mM oscillatory osmotic shocks (Fig. 2j) . The line is the linear best fit (linear regression; R 2 = 0.84, F = 19.4, P = 0.0045). e, Serial dilutions of overnight E. coli L-form cultures spotted onto solid media permissive for L-form growth. For chemical treatments, 10 mM EDTA and 2 µg ml −1 FM 4-64 were included in the liquid media used to culture L-forms overnight, but not in the solid media onto which L-forms were spotted. Mutants (ΔompA, +O8, Δlpp, Δpal) formed very small colonies, and were thus viewed using an inverted microscope to ensure accurate counting.
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n/a Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement An indication of whether measurements were taken from distinct samples or whether the same sample was measured repeatedly
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Data collection
Imaging data was collected using MicroManager v. 1.4.
Data analysis
Custom MATLAB code was used to extract cell contours. NanoScope Analysis v. 1.8 was used for AFM analysis, and a custom Igor Pro image-analysis algorithm was used for cell bending assay.
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